1. Introduction {#sec1}
===============

Presently, several tissue engineered constructs are under clinical consideration, built upon accumulated in vitro and in vivo evidences over the last three decades \[[@bib1], [@bib2], [@bib3]\]. Polymeric biomaterials are often the most suitable choice of biomaterials for tissue engineering, especially for soft tissue because of their biodegradability, tailorability of properties, and flexibility of fabrication \[[@bib4],[@bib5]\]. Elsewhere, radiographic and fluoroscopic visualization is an essential exercise not only for diagnosis but also for the pre-operative planning, image-guided surgeries and assessment of post-surgical outcomes \[[@bib6], [@bib7], [@bib8], [@bib9], [@bib10]\]. For example, spinal fusion devices are made radiopaque for intra-operative positioning whereas radiopacifiers are routinely added to the methacrylate cements for implant fixation in treatment of compression fractures \[[@bib11], [@bib12], [@bib13]\]. The need for radiopacity in soft tissue repair is thus increasing \[[@bib14]\]. Radiopacity is also emerging as a desired feature for design of polymeric transcatherter heart valves \[[@bib15], [@bib16], [@bib17]\]. In addition, polymeric phantoms are emergently being employed for patient-specific treatment planning while polymeric embolization coils are also pursued to replace metallic materials \[[@bib18], [@bib19], [@bib20], [@bib21]\]. However, present major concerns with polymeric tissue engineering are the inability to monitor after implantation, an incomplete comprehension of the rate of degradation behavior of the constructs at implantation site and associated inability to control the degradation at a rate that will match the dynamics of tissue growth. This is attributed to the organic composition resulting in poor radiographic contrast of these materials. This constrains have driven interest for synthesis and modifications to introduce radiopacity in the polymeric materials \[[@bib14]\].

Several strategies have been reported in the literature for endowing polymers with radiopaque characteristics. BaSO~4~, Ta/Bi particles are often embedded in the polymers to impart radiopacity \[[@bib17],[@bib22],[@bib23]\]. Methyl methacrylate monomers when polymerized with zinc or zirconia based acrylates also confers radio-opacity \[[@bib23], [@bib24], [@bib25], [@bib26], [@bib27]\]. Another common approach has been the grafting of iodine and addition of iodine salts to the polymers. Previously, Ghosh et al. have proposed in situ iodination crosslinking reactions as a promising approach to obtain radiopacity in polysaccharide polymers \[[@bib28]\] while Francis et al. extended such an approach for silk visualization \[[@bib29]\]. However, nature of mixing of particulate agents results in leakage, sedimentation, andnon-uniform distribution while toxicity concerns of some agents like the aromatic iodinated crosslinking agents have also been raised. Moreover, using the crosslinking reactions for conferring radiopacity alters the gelation kinetics and thus may not be suitable for fabrication of all types of polymers.

Recently, bioprinting have emerged as a promising method for fabrication of polymeric implants and surgical models \[[@bib30], [@bib31], [@bib32]\]. The fabrication modality offers unparalleled opportunity for generating constructs customized for patient specific implantation as well as fabricating cells in living conditions. However, bioprinting is essentially achieved by a sol-gel type of transition of hydrogel polymers within a limited time span. Since the fabrication is performed with living cells, the polymer hydrogel is thus always desired to exhibit a gelation under physiological conditions to avoid damage to cellular components \[[@bib33]\]. Such cell-laden hydrogels are often referred to as bioinks and presently there exists a limited repertoire of such cell-friendly bioinks. In the attempt to obtain radiopaque constructs by bioprinting, both particle addition and in situ crosslinking reactions have limited applications since the addition of salt particles modify the flow of complex fluids while crosslinking schemes can deviate the gelation conditions. The polysaccharide polymer, alginate undergoes gelation under physiological conditions and hence, is one of the most commonly explored bioinks \[[@bib34]\]. Interestingly, alginate crosslinking is most conveniently performed by the divalent cation Ca^2+^, though other such cations like Ba^2+^ can also be used as a crosslinker. Ba^2+^ being a heavy atom with radiopacity, in this paper we hypothesized that Ba^2+^ crosslinking can be used to generate radiopaque constructs by bioprinting without disturbing the physiological gelation conditions and maintain cellular vitality during the process \[[@bib35]\]. Indeed, Ba^2+^ has been compared to Ca^2+^ with respect to properties of bioplotted constructs but the same has not been investigated for their radiopacity properties. We further evaluate if the same can be applied to study the degradation of the constructs ex vivo or with minimal invasiveness.

Therefore, the Ba^2+^crosslinked constructs were compared with Ca^2+^ constructs by using micro-CT to study their degradation behavior. Useful insights on the degradation behavior of bioprinted constructs were obtained.

2. Materials and method {#sec2}
=======================

2.1. Alginate solution preparation {#sec2.1}
----------------------------------

Sodium alginate salt (2000 cP viscosity, was bought from the (Sigma-Aldrich, USA). The BioInk solution was produced from grade type III ASTM water i.e. (Wasserlab, Spain) . The alginate solution was mixed by mechanical stirring overnight under (Scilogex, USA, 200 rpm) at temperature of (25 °C).

2.2. Extrusion based 3D printer {#sec2.2}
-------------------------------

An extrusion based 3D printer manufactured by M/s Alfatek Systems, India also previously mentioned was used for the printing scaffolds. For slicing the 3D printed solid designed structure by Sketchup 2017, Cura (version 15.04.5, Ultimaker, Netherlands) a software open source was used. Pronterface (version 2014.03.10, Printrun) was used for conversion of the file format from.stl to.GCODE for uploading to the 3D printer.

2.3. Scaffold designing {#sec2.3}
-----------------------

Sketchup 2017 software was used for designing a 34 mm × 34 mm square solid structure and saved in the format (.stl). CURA an open source software version 15.04.4 was used for slicing the solid printed square structure into mesh type by reducing the fill density from 100% to 18% with printing parameters were taken as follows: strand thickness 2.0, Z-layer stacking and layer upon layer orientation 3.961 mm, strand-to-strand distance 4.4 mm, layer height 0.1 mm, bottom/top thickness 0.6 mm, shell thickness 0.8 mm, filament diameter 1.75 mm, nozzle size 0.41 mm and flow (%) 300. The file is then saved in.GCODE format and loaded in the 3D printer software for printing.

2.4. Printing of alginate ink {#sec2.4}
-----------------------------

The bioink was then filled in a syringe (5 ml) with a nozzle of diameter 0.4 mm attached to it. At a constant printing speed of 50 mm/s the bioink was extruded on the glass petridish (BOROSIL) with a final mesh like construct printed on it at a room temperature 30 °C. Alginate at a concentration of 2.5% w/v was used and in cell-laden bioinks, cells (MG-63) at a concentration of 1 x 10^6^ cells/ml was used. As per the required scaffold dimension the printer painted the construct dot by dot. CaCl~2~ and BaCl~2~ solutions of 0.5 M each was used to crosslink the respective scaffolds for 2 min, optimized to match the highest viability and structural integrity. For EDX characterization, the final printed scaffolds were washed by ethanol 95% for 3 times including vacuum-dried at a temperature of 40 °C and the amount of Ca/Ba incorporated was quantified by energy dispersive spectroscopy (Zeiss Merlin SEM with an Oxford Instruments EDS detector). The release behaviour of Ca^2+^ and Ba^2+^ was characterized by incubating the samples in distilled water and performing the atomic absorption spectroscopy of the samples obtained by incubating each sample for 3 days.

2.5. Scaffold characterization {#sec2.5}
------------------------------

The scaffolds images was captured by a digital camera Sony Cybershot (DSC-WX220/B). Axiovision software SE64 Rel 4.9.1 was used for measuring the pore area (PA), strut length (SL) and perimeter of the pore (P). MicroCT GEPhoenix vtomexs voltage 100 KV and current 90 μA was used to CT scan the scaffolds into 1000 slices. Mimics Research 19.0 software was used to measure the Hounsfield unit/Radio opaque, pixel density, porosity and dimension of the struts of the samples. X-Ray (ME X-RAY INDIA PVT LTD ME-5025) voltage 40 kV, current 3 mA and time 2 s was used to take the x-ray images of the scaffolds. Image J open access software was used to determine the intensity of the x-ray images. Tensile testing under uniaxial load was carried out in a Tinius Olsen 5 KT (Tinius Olsen, UK) universal testing machine with 125 N load cell at 0.1 mm/min crosshead speed.. Sample were held using a clip-holder. Samples were loaded at a crosshead speed of 0.1 mm/min. Samples were prestrained for ten cycles with 10% strain before testing.

2.6. Structural accuracy {#sec2.6}
------------------------

The structural percentage printing accuracy calculation was done to measure the accuracy of the printed scaffolds with the input design area by using the accuracy matrix mentioned the literature. The two constructs were printed and the printed total area was compared with the total input structure area. The printing accuracy was calculated by using equation [(1)](#fd1){ref-type="disp-formula"}.$$\%\ Printing\ accuracy = \left\lbrack {1 - \ \frac{Af - Ai}{Ai}} \right\rbrack \times 100$$A~f~ = Output area (x mm^2^)A~i~ = input area (756 mm^2^)

Structural accuracy of Ca2^+^ and Ba2^+^ are 83 ± 0.2 and 79 ± 0.65 respectively.

The bioprinted constructs were also evaluated for the integrity, pore and uniformity factors as proposed by Soltan et al. \[[@bib36]\] as follows:

**Uniformity Factor (U):** This parameter determines the uniformity of the printed strand with the theoretical strand i.e. how uniform the output printed strand is. Printing was done at 50 mm/s. The printed strand is imaged by using optical microscope Nikon Digital camera (NIKON DS-Fi1c, Nikon, Tokyo, Japan). Microscopic image of the strands at various regions were captured and AxioVision SE64 Rel. 4.9.1 software was used to measure the outer edge length of the strand both sides. Uniformity factor was calculated by equation [(2)](#fd2){ref-type="disp-formula"} i.e. dividing the printed length with the uniform theoretical length. When the value of U is smaller than 1 then the strand is non-uniform and when it is equal to 1 it is uniform.$$U = \frac{Printed\ strand\ length}{Theoretical\ strand\ length}$$

**Pore Factor (Pr):** This parameter determines how close the printed strand pore resembles the structure of the theoretical construct pore i.e. square type. The printing was done at 50 mm/s and the printed pores were imaged by using optical microscope Nikon Digital camera (NIKON DS-Fi1c, Nikon, Tokyo, Japan) at various points and the area as well as the pore perimeter were measured by AxioVision SE64 Rel. 4.9.1 software. The pore parameter was measured by using equation [(3)](#fd3){ref-type="disp-formula"}. When Pr is less than 1 for under-gelled, Pr value is equal to 1 for properly-gelled and Pr value is greater than 1 for over-gelled of the printed constructs.$$\text{Pr} = \frac{\left. \left( {Perimeter\ of\ the\ pore} \right) \right.\hat{}2\ }{16\  \times Area\ of\ pore}$$

**Integrity Factor (I):** This parameter determines the difference between the printed construct with respect to the desired construct. The 3 layer printed constructed was printed at a printing speed of 50 mm/s and the construct height was imaged by digital camera Sony Cybershot (DSC-WX220/B). By AxioVision SE64 Rel. 4.9.1 software the scaffold height at various points were measured and the compared with a control construct i.e. 5% w/v Alginate which is also printed in the same physical parameters as the other printed construct. The integrity factor is determined by equation [(4)](#fd4){ref-type="disp-formula"}.$$I = \frac{Thickness\ of\ the\ construct\ }{Thickness\ of\ the\ control\ construct}$$

2.7. Cell culture study {#sec2.7}
-----------------------

Bioprinted scaffolds of dimensions 10 mm × 10 mm, and 100 mm in thickness were produced and kept at 37 °C and 5% CO~2~. The cells (MG-63) were maintained in high glucose Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin-streptomycin-amphotericin-B antibiotic solution. Cell viability was measured on day 1 and day 3 by 3- \[4,5-Dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) assay (EZcountTM MTT Assay Kit) in a 96 well plate. 10 μl MTT dye was added in 100 μl serum free high glucose DMEM after 24 h and 72 h of cell cultured upon the scaffolds and were incubated for 3 h. 100 μl of solubilization buffer was used to dissolve the formazan crystals that was formed and absorbance was recorded at 570 nm and 670 nm using Multi-Scan Go (Thermo Fisher, Finland) and the percentage of cell viability was calculated according to the manufacturer\'s protocol. Cell viability was also measured for constructs fabricated with three different concentrations of Ba^2+^. The cell viability is reported normalized to initial solid surface area of each sample, so that the toxicity of the samples due to the ink components can be compared without scaffold geometries influencing the interpretation. After day 5 of culture, the cells within the constructs were stained with Rhodamine-Phalloidin (Invitrogen, USA) stain for visualizing the cell morphology and incubated for 90 min and washed with 1X PBS thrice. The scaffolds were counterstained with DAPI (λ~ex~ 340--380 nm and λ~em~ 435--485 nm) (Sigma) and observed under inverted fluorescence microscope (Nikon Eclipse TiU, Japan). Live/dead double staining was performed to estimate the number of live and dead cells represented as mean green intensity for quantifying live cells as per the manufacturer\'s protocol (QIA76 Live/Dead staining kit, Merck Millipore). The green fluorescence (λ~ex~ 465--495 nm and λ~em~ 515--555 nm) was obtained due to the permeability of the dye in case of live cells whereas dead cells were visualized by red fluorescence. The cell images were captured under inverted fluorescence microscope at 20x magnification.

2.8. Alizarin red assay {#sec2.8}
-----------------------

MG-63 cells in the concentration of 1x10^4^ were seeded upon the scaffolds and cultured for 7 days in high glucose DMEM. 40 mM Alizarin Red S solution was prepared using ASTM Type III water and the scaffolds were stained for 15 min at room temperature. The stained scaffolds were dissolved in 10% acetic acid for 1 h kept on a shaker and the absorbance of the solution was taken at 405 nm in triplicate.

2.9. Statistical analysis {#sec2.9}
-------------------------

All experiments were performed in triplicate, except Alizarin red assay (n = 5), and mean ± SD values are reported. One-way analysis of the variance along with Bonferroni post hoc test was used to determine the significant differences between the samples and a p value of less than 0.01 was deemed to be significantly different between samples.

3. Results and discussion {#sec3}
=========================

3.1. Characterization of bioprinted constructs {#sec3.1}
----------------------------------------------

Preliminary characterization of the bioprinted constructs obtained by different crosslinkers and depicted in [Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}, was performed using the metrics of Uniformity factor, Integrity factor and Pore factors as described by Soltan et al. \[[@bib36]\]. From [Fig. 1](#fig1){ref-type="fig"}b, it can be observed that Ca^2+^ crosslinked constructs exhibited better strand width accuracy compared to Ba^2+^ crosslinked constructs. The Ba^2+^ crosslinked constructs tended to flow to higher extent and had higher strand widths compared to Ca^2+^ constructs. On the other hand, the analysis of pore geometry revealed the opposite trend in which pore area of Ca^2+^ constructs was higher compared to Ba^2+^ constructs. [Fig. 4](#fig4){ref-type="fig"} This suggests that crosslinking with Ba^2+^ advanced at a slower pace compared to Ca^2+^. However, the differences were not very high and in terms of the uniformity and integrity factors, there was no significant differences between the two groups. Similarly, structural accuracy of Ca^2+^ and Ba^2+^ were 83 ± 0.2 and 79 ± 0.65 respectively, which were very close to each other. The differences in the strand width may be due to the differences in the size and diffusion of the ions and slow kinetics of Ba^2+^. Moreover, different divalent ions are known to possess different affinity for the G and M blocks of the alginate structure \[[@bib37]\]. Ideally, if the bioprinted pattern exactly resembles the design, the pores would have been expected to be perfect squares. The pores formed by Ca^2+^ ion showed better square-shaped structures compared to Ba^2+^. The changes in geometry between the design and bioprinted structures can be attributed tounder- or over-gelation, and can be improved by process parameters as well as modulating the viscosity of the bioink.Fig. 1The photographic images of calcium (a1) and barium (a2) cross-linked scaffolds and (b) comparison of their geometric attributes. \* indicates significant difference at p \< 0.01.Fig. 1Fig. 2Radiographic image and corresponding histograph of (a) calcium cross-linked and (b) barium cross-linked scaffolds, (c) EDX spectrum of Ca^2+^ and Ba^2+^ crosslinked scaffolds.Fig. 2Fig. 3Cytocompatibility of bioprinted scaffolds evaluated by (a) Cell viability of bioprinted alginate scaffolds cross-linked with calcium and barium cross linkers estimated by MTT assay, and (b) Effect of Barium ions on cell viability in constructs, (c) Live/Dead staining and (d) Rhodamine-phalloidin staining of barium crosslinked constructs. \* indicates significant difference at p \< 0.01. ^\#^ indicates significant difference at p \< 0.01 with all other groups.Fig. 3Fig. 4Bone tissue functionality of bioprinted constructs evaluated by Alizarin red staining showing the stained micrographs of (a1) Calcium and (a2) barium cross-linked scaffolds and (b) their quantitative comparison. Scale bar represents 100 μm and \* indicates significant difference at p \< 0.01.Fig. 4

3.2. Radiopacity {#sec3.2}
----------------

The aim of the present investigation was to enhance the radiopacity of 3D bioplotted and bioprinted hydrogels. Radiopaque bioprinting will allow fabrication of radiopaque phantoms for surgical planning, as well as allow monitoring of surgical treatment and prognosis through fluoroscopy. Therefore, the visibility of the bioprinted constructs fabricated by Ca and Ba ions were compared. The radiopacity was compared by imaging with a X-ray machine and the Hounsfield unit was calculated. [Fig. 2](#fig2){ref-type="fig"} shows the X-ray films of the Ca^2+^- ([Fig. 2](#fig2){ref-type="fig"}a) and Ba^2+^-crosslinked ([Fig. 2](#fig2){ref-type="fig"}b) scaffolds. The Ba--alginate crosslinked constructs appear brighter than the Ca-crosslinked gel. Further, EDX analysis showed that Ca^2+^ and Ba^2+^ ions were duly incorporated in the scaffolds ([Fig. 2](#fig2){ref-type="fig"}c and d). The relative standard deviation of the intensities was further determined at 3 random places in a scaffold and found to be 6.86 ± 1.03% and 6.28 ± 1.17%, depicting sample homogeneity for Ca^2+^ and Ba^2+^ respectively. After three days of incubation, release of the crosslinker ions were monitored and found to be 15.74 ± 0.2 mg/L and 7.44 ± 0.1 mg/L respectively.

To provide a more quantitative analysis, the radio-density of samples was calculated by means of CT value and represented in in Hounsfield scale. The HU of Ca-crosslinked constructs were found to be 88 HU and that of Ba, was 97, indicating a higher radiopacity of the Barium constructs. From electronic configuration point of view, Ba has higher density than Ca^2+^ and this enables Ba-crosslinked constructs to have a higher radiopacity adequate for thorough visualization of the whole scaffold. In case of Ca^2+^ constructs, not only the average Hu was less, but also the distribution across the whole scaffold geometry was not adequate for visualization. In a previous work, Arifin et al. have shown that Ba^2+^-crosslinked samples exhibited stable radiopacity for around 15 months in vitro, due to the strong affinity of Ba^2+^ with alginate \[[@bib26]\]. However, it should also be noted that differences between Ca^2+^ and Ba^2+^ affinity to alginate is dependent of the relative distribution of G and M block units of alginate. In addition, the mechanical properties of the bioprinted constructs crosslinked with CaCl~2~ and BaCl~2~ were evaluated and it was found that the ultimate strength of the constructs was increased in BaCl~2~ crosslinked constructs (1.6 MPa) compared to the 1.1 MPa obtained for CaCl~2~ crosslinked scaffolds.

The divalent ions-mediated ionic gelation of alginates has been well studied and attributed to 'egg-box' like structures which are formed where Ca^2+^ ions occupy the cavities and electrostatically bind to poly(guluronate) and poly (mannuronate) moieties of alginate through the negatively charged carboxylate ions. However, poly (mannuronate) blocks have less contribution towards gel formation. Alginate hydrogels coming in contact with PBS, loose the Ca^2+^ ions, present in poly (mannuronate) units, which combine with phosphate ions of PBS to precipitate as salts. Simultaneously, poly (mannuronate) units are dissolved. The Ca^2+^ bound to gluconorate units are extracted in the second phase. However, Ba^2+^ have larger ionic radius and are accommodated more strongly in the poly (guluronate) 'egg-box' cavities, thus undergoing reduced ion-excahnge and maintaining better degradation integrity \[[@bib38]\].

3.3. Cell culture {#sec3.3}
-----------------

MG 63 cell viability after bioprinting process under the two crosslinkers was evaluated by MTT assay and Live/Dead staining. It was observed that, at the tested concentrations, there was no significant differences between day 1 cell viability in both MTT assay compared to the control group cells cultured on scaffold without bioprinting process, as shown in [Fig. 3](#fig3){ref-type="fig"}a. Similarly, on day 3, cell viability was also observed to be equal for both the test groups. This showed that cells can proliferate within the scaffolds in both the tested groups, and maintain viability. Further, it was observed that increasing Ba^2+^ concentration from 0.5 to 1 M did not have a significant effect on cell viability while increasing the concentration to 2 M significantly decreased the cell viability ([Fig. 3](#fig3){ref-type="fig"}b). For further experiments, 0.5 M was selected so that constructs can be developed with lowest amount of Ba^2+^ required to provide radiopacity. The cytocompatibility nature of the constructs was further visualized by Live/Dead and rhodamine-phalloidin staining. As depicted in [Fig. 3](#fig3){ref-type="fig"}c, Live/Dead staining shows high number of live cells compared to dead cells whereas [Fig. 3](#fig3){ref-type="fig"}d depicts the abundant expression of cytoskeleton markers. The results corroborate with the observation of Sarkar et al. who have also found that Ca^2+^ and Ba^2+^ have equal effects during bioprinting with Schwann cells \[[@bib35]\]. Similarly, another study reporting bioprinting of U87-MG cells employing a CaCl~2~-- BaCl~2~ dual crosslinking strategy has also shown that cell viability in 90% range is maintained by this cross-linkers and the developed scaffolds have adequate porosity for cell-cell interactions \[[@bib39]\].

After 7 days of culture, the osteogenic marker, Alizarin Red assay was performed for the scaffolds and it was found that the ARS concentration of both the groups expressed ARS higher than the control. As seen from [Fig. 4a1](#fig4){ref-type="fig"}-a2 and b, the levels were found to be similar in Ca^2+^, and Ba^2+^ groups respectively. The results indicate that bioprinted scaffolds can maintain cell functionality. The results of the cell culture study indicate that bioprinted radiopaque scaffolds fabricated by Ba^2+^ crosslinking at the given concentration can maintain viability and functionality of the incorporated cells. Previously, Ba^2+^ ions have shown to be a potential platform for differentiation into bone tissue \[[@bib40],[@bib41]\].

3.4. Degradation behaviour {#sec3.4}
--------------------------

Following the observations that Ba^2+^ crosslinking can provide a biocompatible platform for generating bioprinted radiopaque constructs, the platform was further tested for modeling the degradation behavior of the constructs by micro-CT imaging. The micro-CT images of Ba-crosslinked constructs were sharp and well suited for calculation of Hounsfield units at the various locations of the constructs. It was seen that on day 0, immediately after bioprinting the inside struts, outside struts, and the strut joints had a Hounsfield units of 1.7, 0.9 and 1.6, respectively. On day 3, the same was found to be 0.6, 0.7 and 1.2 units respectively. These results show that bioprinted constructs have highest mass density at the struts joints followed by outside strut regions. Moreover, the degradation rate is also slower in the strut joints compared to both the inside strut regions and the outside strut regions. Moreover, the degradation rate is fastest in the inside strut region, which show a rapid degradation in a 3 day period. After 28 days of incubation, 30 and 50% intensities were measured for calcium and barium crosslinked constructs respectively ([Fig. 5](#fig5){ref-type="fig"}c).Fig. 5Degradation of barium crosslinked scaffolds investigated by micro-CT imaging on day 1 (a1), day 3 (a2), designation of the different locations of the scaffolds (a3), (b) the Hounsfiled Unit of the different regions calculated from the micro-CT data and (c) calculated intensity percentages after 28 days of sample degradation. \* indicates significant difference at p \< 0.01.Fig. 5

These results show that bioprinted constructs are not always uniform and diffusion inside the constructs may be responsible for differential distribution of the polymer-ions at different regions. Moreover, the constructs most likely degrade at different rates at different regions and this may also lead to enhanced diffusion rates inside the constructs over a period of time \[[@bib42], [@bib43], [@bib44]\].

4. Conclusions and future perspectives {#sec4}
======================================

Radiopaque alginate constructs were fabricated by employing a low-cost bioprinting technique. Using Barium ions for crosslinking in comparison to Calcium ions significantly improved the radiopacity without compromising the structural integrity of cell viability to any significant effect. Using a high concentration of calcium ions can cause osmotic effects and result in cell deaths. In addition, the micro-CT images of the scaffolds were found to be useful for understanding the degradation behavior of the scaffolds and indicate inhomogeneous degradation from different parts of the scaffolds may be possible. The work will be extended to develop radiopaque phatoms for surgical planning as well as in vivo monitoring and modelling of scaffold degradation behavior in future.
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